Abstract
Introduction
Patients with semicircular canal dehiscence (SCD) syndrome suffer from a variety of auditory and vestibular symptoms caused by a bony defect in the superior semicircular canal that creates a "third window" [Minor et al., 1998 ]. Acoustic stimulation of an ear with a "third window" causes energy from stapes footplate motion to shunt towards the dehiscence and away from the cochlear partition. As a result, the pressure difference across the basilar membrane decreases, while energy transmission to the vestibular sense organs increases [Ho et al., 2017; Rosowski et al., 2004] . The diagnosis of SCD is generally based on a combination of tests including symptomatology, threshold audiometry and immitance testing, vestibular evoked myogenic potential (VEMP) testing and temporal bone CT imaging [Ho et al., 2017] . These tests can be time consuming and costly.
The cervical vestibular evoked myogenic potential (cVEMP) test measures saccular and inferior vestibular nerve function. When the saccule is acoustically or mechanically stimulated, vestibulocollic projections inhibit the (mostly) ipsilateral sternocleidomastoid muscle (SCM) which can be measured with electromyography [Colebatch et al., 1994 ]. An SCD third window can lead to low thresholds and large amplitudes on cVEMP testing compared to healthy controls [Benamira et al., 2014; Brantberg, 2009; Brantberg et al., 1999; Colebatch et al., 1994; Hunter et al., 2017; Milojcic et al., 2013; Roditi et al., 2009; Streubel et al., 2001] . Multiple metrics can be used to assess the cVEMP, including the normalized peak-to-peak amplitude (VEMPn), cVEMP threshold, the third window indicator (TWI) [Noij et al., 2018a] and a new metric called VEMP inhibition depth (VEMPid), which estimates the percentage reduction in spike rate of the SCM motoneurons during cVEMP testing and has not previously been used in patients [Prakash et al., 2015] .
Previous studies indicated that threshold was more valuable than peak-to-peak amplitude in distinguishing healthy from pathological ears in both SCD and Mé-nière's disease [Brantberg et al., 1999; Rauch et al., 2004; Taylor et al., 2012] . Thresholds, however, overlap between the SCD and healthy populations, and threshold measurement can be time consuming. Although the cVEMP is not a painful test, longer testing time can result in neck muscle discomfort. A cVEMP-based diagnostic tool for SCD patients that seems to be more useful than cVEMP threshold alone is the TWI [Noij et al., 2018a] . The TWI combines cVEMP threshold with the audiometric low-frequency air-bone gap (ABG) from the ipsilateral ear and improves the differentiation of SCD patients from healthy subjects [Noij et al., 2018a] . The TWI was developed using a retrospective analysis of data and has not been compared to other metrics prospectively.
Although many institutions record cVEMP only with 500-Hz tone bursts, testing at multiple frequencies appears to be a valuable tool in differentiating patients with Ménière's disease [Rauch et al., 2004] . In our institution, clinical cVEMP testing includes stimulation with 500-, 750-and 1,000-Hz tone bursts. In SCD patients, cVEMP amplitude and threshold tuning curves broaden [Taylor et al., 2012] . A similar broadening of tuning has been found in ocular VEMPs (oVEMP) [Manzari et al., 2013] . 000 Hz to evoke oVEMP responses and concluded that 4,000 Hz was the optimal frequency to distinguish dehiscent from healthy ears [Manzari et al., 2013] . These cVEMP and oVEMP findings suggest that stimulation of SCD patients with higher frequencies may be of clinical value. Since cVEMPs above 1,000 Hz were not available in the clinical retrospective data set, TWI has not been evaluated at higher frequencies.
The current study was designed to prospectively test SCD patients and systematically evaluate the same sound levels, frequencies and metrics in every subject, something that could not be done in our retrospective study [Noij et al., 2018a] . 2,000 Hz was included to evaluate cVEMP metrics at a higher frequency. Although Manzari et al. [2013] concluded that 4,000 Hz was optimum for oVEMP measurements, we decided not to add another frequency to our protocol because this would increase testing time and because intense 4,000-Hz tones can be very uncomfortable. The aim of this prospective study was to determine which cVEMP metric and which stimulus frequency best identify SCD patients to optimize the applicability of cVEMP as a diagnostic tool in SCD patients.
Methods

Subjects
Between April 2016 and November 2017, twenty-one patients with symptomatic and radiographically confirmed SCD and 23 age-matched healthy controls were prospectively included in this study. Since middle ear pathology can influence cVEMP outcomes (decreased amplitude and increased thresholds), patients and control subjects with middle ear pathology were excluded. Middle ear pathology was identified by a combination of exam findings, including threshold and immitance audiometry. Those with an ABG > 10 dB at any tested frequency were further evaluated with immittance audiometry. Ears with an ABG > 10 dB in combination with abnormal tympanograms and/or absent reflexes were excluded from this study. For the healthy controls, additional exclusion criteria were a history of hearing loss, vertigo, balance problems, neurological disorders and musculoskeletal disease. This study was approved by the Human Studies Committee of the Massachusetts Eye and Ear Infirmary (protocol No. 13-097H, principal investigator: S.D. Rauch).
Radiology
Eleven patients underwent CT imaging at our institution, and 10 patients had CT imaging from an outside hospital. For 7 patients, a cone beam CT scanner (3D Accuitomo 170; J. Morita, Irvine, CA, USA) was used generating images with a slice thickness of 0.5 mm and an axial pixel dimension of 0.125 mm. Multidetector row CT scanners were used for all other patients, generating images with an average slice thickness of 0.70 mm (0.5-1.25 mm). All superior semicircular canals were evaluated by a neuroradiologist at our institution using reformatted images in Stenvers and Pöschl planes created with multiplanar reconstruction. Stenvers plane images were perpendicular, and Pöschl images were parallel to the plane of the superior semicircular canal. The neuroradiologist evaluating these images subjectively determined whether the semicircular canals were dehiscent, had a thin layer of bone covering the canal or were normal in appearance. Based on the radiologist's interpretation, the results from each side of each subject were divided into three groups: dehiscent, thin bone or unaffected ("unaffected" denotes a normal bone-covered superior canal contralateral to an SCD ear).
Audiometry
Air and bone conduction tonal thresholds were measured for all subjects at octave frequencies from 250 to 4,000 Hz. If the difference between air and unmasked bone conduction thresholds was larger than 10 dB HL, bone conduction thresholds were masked. The ABG was calculated at each tested frequency by subtracting the bone conduction threshold from the air conduction threshold. Ears with either an ABG of ≤10 dB at any frequency or an ABG > 10 dB in combination with normal tympanograms and present acoustic reflexes were considered to have normal middle ear function and were included in this study.
Cervical Vestibular Evoked Myogenic
Potential cVEMPs were obtained with subjects sitting up straight and the head turned away from the stimulated ear to elicit contraction of the ipsilateral SCM. Electromyographic (EMG) activity was recorded from 4 surface electrodes: a positive electrode on the middle belly of each SCM, a reference electrode at the midpoint between SCM attachments to the sternum, and a ground electrode on the midline forehead. Ipsilateral SCM EMG amplitude was monitored, and subjects contracted their SCM to produce > 45 μV root mean square. All subjects were able to maintain SCM contractions above this limit, and the few waveforms < 45 μV root mean square were not included. EMG activity was amplified, bandpassfiltered and sampled at 50 kHz with a 16-bit analog-to-digital converter (National Instruments).
cVEMPs were obtained using 500-, 750-, 1,000-and 2,000-Hz tone bursts generated by custom-programmed evoked potential software (National Instruments 16-bit digital I/O board) using a Blackman gating function with 2 cycle (4.0 ms at 500 Hz, 2.5 ms at 750 Hz, 2 ms at 1,000 Hz, 1 ms at 2,000 Hz) rise and fall times and no plateau. Tone bursts were presented monaurally via circumaural headphones (Telephonics TDH-49) at a repetition rate of 13 bursts/s; cVEMP responses averaged between 200 and 300 single sweeps. In the SCD group, tone bursts were presented at 83, 93, 103 and 123 dB peak sound pressure level (peSPL), while in the healthy control group, tone bursts were presented at 93, 103, 113 and 123 dB peSPL (123 dB peSPL is equivalent to 90 dB nHL). SCD patients generally have lower thresholds and the protocol with a large sound-level step was chosen to reduce testing time. Presentation orders for sound level, frequency and side were randomized.
VEMP Metrics
The collection of sound level functions at all frequencies allowed for the calculation of VEMPn and VEMPid at every sound level and for determining threshold. The cVEMP waveform was normalized using trace-by-trace normalization [van Tilburg et al., 2014] . Trace-by-trace normalization divides each raw EMG trace by the root mean square value of that trace's electromyogram (the trace electromyogram includes all 77 ms of the time from one stimulus to the next). VEMPn was obtained by measuring the amplitude difference between P1 and N1 of the average normalized waveform.
VEMPid is a template correlation method that estimates the percentage reduction in spike rate of the SCM motoneurons that is elicited by acoustic stimulation of the saccule. In this study, VEMPid was calculated using a generic template created from cVEMP responses of healthy subjects [Noij et al., 2018b; Prakash et al., 2015] . Template correlation values were calculated using the point-by-point correlation of each individual trace in a cVEMP response with the generic template. VEMPid was calculated by dividing the mean of all 200-300 template correlation values by the standard deviation of the template correlation values and multiplying by 0.2. Although Prakash et al. originally used a subjectspecific template, a generic template can be used as long as the generic template latency is adjusted to the patient's response [Noij et al., 2018b; Prakash et al., 2015] .
cVEMP threshold was determined after responses had been measured for the 4 preset sound levels. Starting at the highest sound level for which no cVEMP response was observed, recordings were made by increasing the sound level in 5-dB steps until a response was observed. Threshold was defined as the lowest sound level at which a cVEMP was present, as subjectively determined by the tester assessing the shape, size and latency of the response. If no response was present at our equipment limit (133 dB peSPL), the threshold was considered to be 10 dB above this limit.
TWIs were calculated by subtracting the 250-Hz ABG from the ipsilateral cVEMP threshold at each frequency. For example: a subject with a cVEMP threshold of 103 dB peSPL at a given frequency and a 250-Hz ABG of 15 dB has a TWI of 88 dB at this frequency [Noij et al., 2018a] .
Data Analysis
An independent t test was performed to compare age of the SCD and healthy control groups. Full factorial analyses of variance (ANOVAs) were performed to examine differences in ABG and cVEMP metrics (nVEMP, VEMPid, cVEMP threshold and TWI) among the four groups (dehiscent, thin, unaffected and healthy control) and to evaluate the effect of stimulus frequency on the different cVEMP metrics. Group, frequency and sound level were considered fixed factors, while subject was considered a random factor. Post hoc pairwise comparisons using a Bonferroni adjustment for multiple comparisons were performed to compare groups and frequencies. Receiver-operating characteristic (ROC) curves were used to compare the different metrics and frequencies in their ability to distinguish dehiscent from healthy-control superior semicircular canals.
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Results
Patient Characteristics
Twenty-one patients with a radiographically confirmed SCD on at least one side were included (11 female, mean age: 50.1 years; range: 35-67 years). Based on CT imaging, 25/42 ears were categorized as dehiscent, 9/42 as thin and 8/42 as unaffected. One of the "unaffected" ears was excluded based on audiometry indicating a potential middle ear problem, leaving 7 unaffected ears for analysis. We included 23 age-matched controls (14 female, mean age: 51.8 years, range: 26-68 years). There was no significant difference in age between the SCD and control group (p = 0.619).
Air-Bone Gap
ABGs were calculated at 250 Hz for every group (Fig. 1a) . As expected, the dehiscent ears had significantly larger ABGs compared to thin (p = 0.001), unaffected (p < 0.001) or healthy-control ears (p < 0.001). No significant differences were found for any of the other combinations.
Cervical Vestibular Evoked Myogenic Potentials cVEMP thresholds and TWIs were significantly lower for the dehiscent group compared to thin (p < 0.001), unaffected (p < 0.001) and healthy-control ears (p < 0.001), regardless of frequency (Fig. 2a, b) . No significant differences were found for any other combination. Regarding frequency, thresholds and TWIs were significantly higher in all four subject groups at 2,000 Hz compared to 500 (p < 0.001), 750 (p < 0.001) and 1,000 Hz (p < 0.001). No significant differences were found for any other frequency combination. At 2,000 Hz, a response could not be elicited in 19/46 of the healthy control ears, while a response could always be elicited in the dehiscent ears.
On average, 750 Hz yielded the best response in the healthy control ears (Fig. 1b) . To evaluate whether there were differences in frequency tuning between dehiscence patients and healthy controls, tuning curves were calculated using the 750-Hz threshold as the reference. As can be appreciated visually, the tuning curve for dehiscent ears is slightly flatter than the healthy-control tuning curve (Fig. 1b) .
For both VEMPn and VEMPid, there was a significant interaction between frequency and stimulus level (F = 6.106, p < 0.001 and F = 8.771, p < 0.001), with a larger effect of frequency at the highest sound levels (Fig. 3) . There was also a significant interaction between dehiscence groups and stimulus level for both VEMPn and VEMPid (F = 65.688, p < 0.001 and F = 78.942, p < 0.001), with a larger effect of stimulus level in the dehiscent group compared to the other groups. As seen previously, VEMPid decreased to zero at the lower stimulus levels (i.e. when no response was present), while the VEMPn plateaued above zero (Fig. 3) [Noij et al., 2017] .
Because cVEMP outcomes are known to be affected by age, we used Pearson correlation coefficients to evaluate whether age influenced our cVEMP outcomes. Similar to findings by others, VEMPn significantly decreased with age for all frequencies in the healthy control group, while threshold significantly increased (data not shown) [Rosengren et al., 2011; Welgampola and Colebatch, 2001] . In the dehiscent group there was no significant effect of age, indicating that the presence of a dehiscence reduces the age effect (data not shown). ROC Curves ROC curves were created to compare the ability of the four metrics (cVEMP threshold, TWI, VEMPn and VEMPid) and the four frequencies (500, 750, 1,000 and 2,000 Hz) to distinguish dehiscent from the healthy ears. Based on the area under the curve (AUC), 2,000 Hz was the best frequency for VEMP metrics to distinguish healthy from dehiscent ears (Fig. 4, 5) . However, for the Average cVEMP threshold (a) and third window indicator (TWI) (b) for 500, 750, 1,000 and 2,000 Hz. Error bars represent the 95% confidence intervals. Both cVEMP thresholds and the TWI were significantly lower in the dehiscent group compared to the thin, unaffected and healthy-control groups. Receiver-operating characteristic curves displaying sensitivity of detecting a dehiscence versus false positive rate (1 -specificity) for cVEMP thresholds (a) and third window indicators (TWIs) (b) for 500, 750, 1,000 and 2,000 Hz. Insets show the frequency key and the corresponding area under the curve (AUC). cVEMP threshold and TWI data have 5-dB steps so that normal and affected subjects can have the same threshold. Thus, a change in cutoff value can produce a change in both the sensitivity and specificity at once, which causes points to be connected by diagonal lines. Receiver-operating characteristic (ROC) curves displaying sensitivity of detecting a dehiscence versus false positive rate (1 -specificity) for normalized peak-to-peak amplitude (VEMPn) (top row) and VEMP inhibition depth (VEMPid) (bottom row) for 500, 750, 1,000 and 2,000 Hz at multiple sound levels. Insets show the frequency key and the corresponding area under the curve (AUC). TWI, AUCs were slightly better at 500 and 1,000 Hz (Fig. 4) . We think that a more useful ROC measure is the sensitivity when there is 100% specificity. Using sensitivity of the 123 dB peSPL data, 2,000 Hz was the best frequency for every metric to distinguish healthy from dehiscent ears (Fig. 4, 5) . For cVEMP threshold and TWI at 2,000 Hz, a specificity of 100% could be reached with a sensitivity of 92% (Table 1 ; Fig. 4 ) for cutoffs of 118 and 108 dB peSPL, respectively. These values correspond to a positive predictive value of 100% and a negative predictive value of 95.8%, meaning that all patients with a positive test (cVEMP threshold < 118 dB peSPL or TWI < 108 dB) have a dehiscent SCC on CT (Table 1; Fig. 4) . A higher sensitivity of 96% for 100% specificity can be reached for both VEMPn and VEMPid at 2,000 Hz and 123 dB peSPL (Table 1 ; Fig. 5 ) for cutoff values of 0.67 and 9.2%, respectively. That is, all patients with a positive test (VEMPn > 0.67 and VEMPid > 9.2%) have a dehiscent SCC on CT (Table 1 ; Fig. 5 ). An exact McNemar's test evaluated the difference in sensitivity (92 vs. 96%) for the different metrics and revealed no statistically significant difference (p = 1.000).
Discussion
This study investigated the cVEMP metric and frequency that were best at distinguishing healthy from dehiscent semicircular canals. At the highest sound level used for direct comparisons (123 dB peSPL) and for every metric used, 2,000 Hz produced the highest sensitivity in detecting a dehiscence with 100% specificity. Sensitivities of ≥92% could be reached for every metric, and VEMPn and VEMPid reached the highest sensitivity (96.0%). Although 2,000 Hz is not the frequency with the largest amplitudes or lowest thresholds, the 2,000-Hz, 123 dB peSPL stimuli provided the best separation between healthy and dehiscent ears. This was partly because healthy ears did often not have robust cVEMP responses at 2,000 Hz, while dehiscent ears did. At 2,000 Hz, VEMPn and VEMPid grow more with sound level in dehiscent ears than in patients with normal or thin bony covering of the superior semicircular canal (Fig. 3) .
At 103 dB peSPL, VEMPn and VEMPid at 500, 750 and 1,000 Hz were better than 2,000 Hz at separating de- If all cases with a threshold or third window indicator (TWI) below the criterion value or a VEMPn or VEMPid above the criterion value are assumed to indicate the presence of a dehiscence, then the data show that this judgment will have the sensitivity and specificity listed. For example, for cVEMP threshold at 2,000 Hz (lower left in the Table) , a 118-dB criterion cutoff value corresponds to a 92% sensitivity and a 100% specificity (italicized in the Table) . This means that none of the healthy ears had a 2,000-Hz threshold below 118 dB peSPL (specificity = 100%), while 23 out of 25 ears with SCD met this criterion (sensitivity = 92%).
DOI: 10.1159/000493721 hiscent and healthy semicircular canals (Fig. 5) . The 2,000-Hz data may do more poorly at levels below 123 dB peSPL because of differences in threshold across frequencies. Thresholds at 2,000 Hz were higher for all subject groups (Fig. 2) , and 103 dB peSPL was not always sufficient to elicit a response at 2,000 Hz. At 103 dB peSPL, 750-and 1,000-Hz VEMPn and VEMPid provided good sensitivities (80 and 88%) with 100% specificity (Fig. 5) , and comparable sensitivities were obtained with the TWI. Therefore, it could be argued that to reduce noise exposure the use of lower frequencies and lower sound levels is a reasonable alternative to a 2,000-Hz, 123 dB peSPL stimulus.
Compared to the standard multifrequency testing in our clinic, a single measurement using a 123 dB peSPL 2,000-Hz tone burst would reduce the total sound exposure. The 2,000-Hz tone burst has 2 cycle (1 ms) rise and fall times without a plateau so that the 123 dB peSPL is reached only momentarily at the sound peak. The brevity of this stimulus reduces the risk for acoustic trauma.
Omitting a cVEMP stimulus level between 103 and 123 dB peSPL is a limitation of this study. Because we wanted to compare 4 frequencies, obtain threshold at every frequency and keep testing time within 1.5 h, it was necessary to take a large step (123 to 103 dB peSPL) in the SCD group. It should be investigated whether the VEMPn and VEMPid separation of SCD and healthy ears at 2,000 Hz is equally good at stimulus levels between 103 and 123 dB peSPL.
The use of VEMPn and VEMPid is more favorable than cVEMP threshold because they require only one recording at each frequency and are less time-consuming. We favor the use of VEMPid because it has a "meaningful zero" value, i.e. VEMPid averages zero when no response is present, whereas VEMPn has a floor value caused by the EMG noise (Fig. 3) . The "meaningful zero" makes VEMPid easier to interpret [Noij et al., 2017] . This is the first reported clinical application of VEMPid. At present there is no commercial device that calculates VEMPid from cVEMP recordings. However, the required calculations are described in Prakash et al. [2015] and Noij et al. [2018b] , and no difference in the cVEMP measurement setup is required.
Comparisons with Previous Studies
Multiple studies have looked at the usefulness of cVEMP amplitude or threshold in SCD patients [Brantberg and Verrecchia, 2009; Janky et al., 2013; Zhou et al., 2007; Zuniga et al., 2013] , and some have looked at both [Govender et al., 2016; Taylor et al., 2012; Welgampola et al., 2008] . Fife et al. [2017] summarized the outcomes of these studies and concluded that a sensitivity of 100% in combination with a specificity of 93% could be reached using normalized cVEMP amplitude. Using cVEMP threshold gives sensitivities ranging from 86 to 91%, with specificities ranging from 90 to 96% [Fife et al., 2017] . There are some limitations in comparing these studies, including the differences in methods used to obtain the cVEMP (e.g. click vs. tone burst and differences in stimulus level) and the reporting of outcomes (sensitivity and specificity are not always reported). Our study systematically compares the use of 4 different metrics at 4 different frequencies at multiple sound levels using the same methods in every subject, allowing for a reliable comparison. We favor the use of a cutoff value with a 100% specificity to avoid any false diagnosis of SCD in patients without this disorder. As can be appreciated in Table 1 (see threshold at 500 Hz), a large drop in sensitivity could be observed if a specificity of 100% is given priority. This highlights the importance of using a 2,000-Hz tone burst, because this frequency gives a high sensitivity (≥92%) in combination with a 100% specificity.
We found a slightly flatter tuning curve for dehiscent ears than for healthy-control ears (Fig. 1b) , which is similar to findings of Taylor et al. [2012] . Taylor et al. investigated cVEMP frequency tuning in SCD patients and found that cVEMPs in SCD ears tended to tune to lower frequencies and that cVEMP thresholds at 500 and 2,000 Hz were equally good at separating healthy from dehiscent ears [Taylor et al., 2012] . This last finding is in contrast with our findings. Although our AUCs from 500 and 2,000 Hz do not show large differences for each metric (Fig. 4, 5) , the point in the ROC curve that corresponds to the highest sensitivity with 100% specificity does differ and is higher at 2,000 Hz for all metrics (Table  1 ; Fig. 4, 5) . For the clinical value of the test, the sensitivity and specificity provide more useful information than the AUC. For example, AUCs for cVEMP thresholds at 500 and 2,000 Hz were 0.938 and 0.973, respectively (Fig. 4) , while the sensitivity with 100% specificity was 52% for 500 Hz and 92% for 2,000 Hz, which is a clinically relevant difference (Table 1) . Manzari et al. [2013] tested high-frequency stimuli for oVEMP measurements and found that 4,000 Hz was the best frequency to separate healthy from dehiscent ears with 100% specificity and sensitivity. While a slightly higher sensitivity at 4,000 Hz with cVEMP is a possibility, our decision to use 2,000-Hz stimuli but not 4,000-Audiol Neurotol 2018;23:335-344 DOI: 10.1159/000493721
Hz ones was made based on the increased patient discomfort that would be caused by both the discomfort of the high-frequency sound itself and the increased testing time by adding another frequency.
Although the present study included only 21 SCD patients, the sensitivity (with 100% specificity) of our 500-Hz TWI is comparable to the TWI sensitivity from our larger retrospective study of 140 SCD patients (88 vs. 82%; both with cutoff values of 103 dB) [Noij et al., 2018a] . This indicates that our cohort is representative of this patient population. In the current study, thingroup TWIs were slightly smaller than healthy-group TWIs (Fig. 2) , but the differences were not statistically significant. Such differences were not seen in the larger retrospective TWI study [Noij et al., 2018a] , which indicates that the differences in the present study probably originate from the smaller number of subjects. Based on results of this study, we recommend measuring cVEMP using a 2,000-Hz tone burst stimulus in suspected SCD patients. The use of VEMPn or VEMPid at a high stimulus level allows for a short test since only one recording is necessary on each side, significantly decreasing testing time, patient discomfort and noise exposure.
Conclusion
For all cVEMP metrics used, the best diagnostic accuracy of cVEMP in SCD patients is achieved with 2,000-Hz tone burst stimuli. We recommend the use of 2,000 Hz in clinical cVEMP testing of patients in whom SCD is suspected.
